The Gag polyprotein is key to the budding of retroviruses from host cells and is cleaved upon virion maturation, the N-terminal membrane-binding domain forming the matrix protein (MA). The 2.8-Å resolution crystal structure of MA of equine infectious anemia virus (EIAV), a lentivirus, reveals that, despite showing no sequence similarity, more than half of the molecule can be superimposed on the MAs of human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (SIV). However, unlike the structures formed by HIV-1 and SIV MAs, the oligomerization state observed is not trimeric. We discuss the potential of this molecule for membrane binding in the light of conformational differences between EIAV MA and HIV or SIV MA.
Equine infectious anemia virus (EIAV) is a nonprimate enveloped virus, classified into the family Retroviridae, genus Lentivirus, along with Human immunodeficiency virus (HIV) (reviewed in reference 1). This pathogen causes equine infectious anemia, the most important infectious disease of horses, and antiviral drugs would be economically important. This is the only lentivirus known to be spread by an insect vector, bloodsucking flies (22) . In addition to its direct pharmaceutical interest EIAV also has promise as a retrovirus vector for gene therapy (34) ; being a lentivirus it can transduce both dividing and nondividing cells (27) , and being unable to replicate in human cells (32) it is considered much safer than primate lentivirus vectors.
Matrix antigen (MA) is a proteolytic cleavage product of the retrovirus Gag polyprotein (reviewed in reference 13). When expressed in the host cell, Gag is in itself sufficient to produce virus-like particles, which are enveloped with a lipid bilayer and which contain RNA. In typical retroviruses such as HIV, the N terminus of Gag is myristoylated (3, 16) and the Nterminal domain, MA, binds to the inner surface of the host membrane, forming a hexagonal network (35) . Upon or just after budding of virus particles from host cells, the Gag polyprotein is cleaved by viral protease into several proteins termed MA, CA, and NC, and the particles experience a dramatic structural change known as maturation (6) . In the mature particle CA and NC make a compact RNA-containing conically shaped capsid inside the virus particle, while MA remains at the inner surface of the virus membrane. The role of MA after maturation cleavage is controversial, but, by using its nuclear localization signal, lentivirus MA might help in carrying the viral genome into the nucleus after infection (5, 46) ; this would require the release of MA from the membrane. The N termini of Gag for some retroviruses, including EIAV, are not myristoylated, and some bear a different chemical modification (19, 43) . We infer that this modification is also hydrophobic by analogy with Rous sarcoma virus, where Gag has an acetylmethionyl group at its N terminus (38) and artificial myristoylation of this avian virus enables virus release from mammalian cells (50) .
Recently Zhou and Resh (52) found that HIV type 1 (HIV-1) MA binds membranes much more weakly than its Gag precursor and proposed that the myristoylated N terminus is sequestered in the isolated MA. They also found that removal of the last helix, residues 97 to 109, of MA enhanced membrane binding. Spearman et al. (44) put forward a similar hypothesis, and, based on cryoelectron microscopy, Fuller et al. (15, 49) suggested that the C-terminal portion of MA is not compactly folded in virus-like particles made of Gag. Finally, in vitro experiments by Hermida-Matsumoto and Resh (20) showed that, in HIV-1, MA is released from the membrane slowly after cleavage. Reil et al. (41) reported that HIV-1 can replicate in the absence of the MA domain in some conditions, provided that the N terminus of Gag is myristoylated. Taken together these results suggest that MA might function as a membrane-binding regulator, like recoverin (1) .
At present there is no structural information to support such a myristoyl switch model, no structures have been solved for Gag precursors, and all the MA proteins for which the threedimensional structures are available (reviewed in reference 7) have been produced in a heterologous expression system, such that the N termini are not correctly modified. Further, in all the MA structures examined to date, the C termini are spatially far from their N termini, so it is unclear how proteolytic cleavage at the C terminus could be reported to the N terminus.
In the HIV-1 and simian immunodeficiency virus (SIV) MA structures (21, 40) , the trimeric organization of the molecules is believed to present a bipartite membrane-binding surface, where exposed basic residues (51) cooperate with the N-terminal myristoyl groups to anchor the protein to the inner leaflet of the membrane. In these structures the N termini are disordered prior to residue 6 or 7, at which point they protrude from the putative membrane-binding surface. The relevance of this mechanism of association to EIAV is unclear since it lacks both the myristate and the linear cluster of basic residues that comprise the HIV-1 membrane-binding motif.
Here we report the 2.8-Å resolution crystal structure of EIAV MA. Despite the lack of any apparent sequence similarity with MAs of primate lentiviruses, EIAV MA shows striking overall structural similarity to MAs of HIV-1 and SIV except that it does not exhibit the same trimeric association. There are, however, significant conformational differences between EIAV MA and HIV-1 and SIV MAs that may direct, or be a correlate of, its mode of association. We suggest that the conformation we observe for EIAV MA could correspond to a weakened membrane-binding state and discuss evidence for an alternative membrane-binding mechanism.
MATERIALS AND METHODS
EIAV MA expression, purification, and crystallization. EIAV MA was expressed using a pET-32a (Novagen) plasmid in Escherichia coli BL21(DE3). SeMet labeling was done using a minimum medium (26) containing selenomethionine instead of methionine. The protein was purified from the lysate initially by using a His-Bind resin column, and the MA portion was cleaved with recombinant enterokinase. The cleavage product was further purified by using a Mono-S (Pharmacia) column with a 0 to 2 M NaCl gradient in 50 mM Tris-HCl (pH 8.0) and then dialyzed against phosphate-buffered saline. The MA coding sequence (45) came from clone CL22, but the resultant protein included a seven-residue extrinsic sequence AMADIGS just N-terminal to the initial methionine of the original MA sequence; this was confirmed by sequencing the 15 N-terminal residues. Mass spectra for the protein with and without SeMet labeling gave molecular weights of 15,004.1 Ϯ 0.2 and 14,864.3 Ϯ 0.5, respectively, which confirmed the protein sequence and labeling of all three methionine residues.
The recombinant selenomethionyl EIAV MA protein was crystallized using the sitting-drop vapor diffusion method (18) . The reservoir solution contained 30% (wt/vol) polyethylene glycol 5000, 0.2 M ammonium sulfate, and 0.1 M MES (morpholinoethanesulfonic acid; pH 6.5). One microliter of MA protein solution (about 2.5 mg ml Ϫ1 ) was mixed with an equal volume of the reservoir solution and set to equilibrate with reservoir solution at 18°C. Crystals were obtained after 5 days.
Data collection and phasing. Data were collected at station BM14 of the European Synchrotron Radiation Facility. For data collection at 100 K using a cryostream (Oxford Cryosystem), a crystal was briefly transferred to mother liquor containing 20% (vol/vol) glycerol. The Se absorption edge was located by a fluorescence scan, and data sets were collected at three wavelengths, 0.9778, 0.97806, and 0.91161 Å, corresponding to the peak, inflection, and remote points, respectively, using a 345-mm-diameter MAR-Research (Hamburg, Germany) image plate detector.
Data to 2.8 Å resolution were autoindexed, integrated, and scaled using DENZO and SCALEPACK (37) . Measured diffraction intensities were converted to structure factor amplitudes using the CCP4 program TRUNCATE (14) . Four of the six expected Se atoms were located and refined by using the program SHARP (9) , and the maps calculated with the resulting phases were solvent flattened iteratively by using the program GAP (D. I. Stuart and J. Grimes, unpublished data). A comparison of maps with different hands showed that the crystal belonged to space group P6 5 with unit cell dimensions of a ϭ b ϭ 47.2 Å and c ϭ 204.8 Å.
Model building and refinement. The initial map revealed the presence of two molecules in the asymmetric unit. The noncrystallographic symmetry (NCS) relationship between them was determined and refined with GAP starting from the coordinates of two selenium sites and four marker positions chosen from the map. Iterations of solvent flattening and NCS averaging in combination with the MAD phase information resulted in a map that allowed initial modeling of residues 7 to 109. Model building was carried out using the programs FRODO (23) and O (24) . Due to severe anisotropy, structure factors sharpened by the application of anisotropic overall B factors were used for map calculation.
Refinement was done using CNS, version 0.5 (2). After several rounds of rebuilding a 2Fo-Fc map (where Fo and Fc are observed and calculated structure factor amplitudes) gave us clear election density for the N-terminal residues of molecule A, and the selenium atoms of the SeMet residues Ϫ5 and 1 corresponded well to the two heavy-metal sites of weaker intensity obtained by SHARP. After these residues were modeled and after additional refinement, weak density for the N-terminal residues of molecule B also appeared, and their modeling showed that SeMet residue Ϫ6 corresponded to a further site suggested by SHARP. All refinement used a target function including the experimental-phase information in the maximum-likelihood optimization of the model (2), increasing our confidence in the model. Tables 1 and 2 show statistics for the structure determination. The final R factor for the model (27.9%) is high, as was a Refinement was performed against a composite data set based on the average of all of the data for the three wavelengths. The values shown in parentheses are for the highest-resolution shell.
b The figure of merit is derived from SHARP (9) in the absence of solvent flattening or NCS constraints.
c The correlation coefficient is for Fs from the end of the NCS averaging. , possible partial order of the omitted residues (30 residues out of 262), and the lack of a model for ordered solvent molecules contribute to the high R factor. Nevertheless, in the light of the satisfactory electron density, stereochemistry (root mean square deviation [r.m.s.d.] bond length ϭ 0.015 Å) and backbone torsion angles (61.4% of the residues lie in the most favored region of the Ramachandran plot produced by PROCHECK [25] with none in forbidden regions), we consider the model essentially correct. The coordinates have been deposited with the Brookhaven Protein Data Bank, entry code 1HEK.
RESULTS
Overall structure: EIAV MA is not trimeric in the crystal. Figure 1A shows a 2.8-Å-resolution electron density omit map (F obs Ϫ F calc [excluding residues 42 to 68], where F obs and F calc are observed and calculated structure factor amplitudes); conformational differences between EIAV and HIV MA can clearly be seen. Two molecules (denoted A and B) are found in the crystallographic asymmetric unit (Fig. 1B) , and residues Ϫ6 to 109 have been modeled for both molecules (residues Ϫ6 to 0, AMADIGS, correspond to an extrinsic sequence due to the expression construct). C-terminal residues 110 to 124 are not seen in the electron density map, presumably because of their flexibility. No significant differences between the two molecules were found (Fig. 1B) , except that (i) the N-terminal extrinsic residues run in a different way and (ii) the B-factor distributions differ in loop regions (data not shown); therefore we describe only molecule A below unless explicitly mentioned otherwise.
Unlike SIV and HIV-1 MAs EIAV MA is not trimeric in the crystal; instead, molecules A and B are organized in a helical A unit cell, with its c axis horizontal, is shown. All figures were generated using BOBSCRIPT (11, 12) and Raster3D (33) . supramolecular structure in the P6 5 crystal, arranged alternately head to tail (Fig. 1C) . There are two sets of intermolecular contacts along the helical structure, but these are essentially equivalent, that is, the noncrystallographic symmetry and crystallographic symmetry combine to produce a supramolecular helix which contains 12 molecules in a single turn with a pitch corresponding to the cell constant, c (205 Å). Neighboring helices are bridged by the artificial segment at the N termini of both molecules. Large overall B factors are observed perpendicular to c, probably due to the weak lattice contacts in this direction.
Structural differences from HIV and SIV MAs. The crystal structure of the nonprimate lentivirus EIAV MA is strikingly similar to the crystal structures of the primate lentivirus MAs (Fig. 2) . Overall, using automatic assignment with the program SHP (47), some 70% of the residues can be aligned, with r.m.s.d.'s of 1.9 and 1.8 Å for SIV and HIV-1 MAs, respectively. This is despite the fact that no sequence similarity between EIAV MA and either of the primate lentivirus MAs could be detected. Nevertheless a structure-based sequence alignment (Fig. 3) identified 10 conserved residues, most of which are within the helical sections of the molecule and some of which are probably responsible for maintaining the characteristic MA architecture. This is reflected in the fact that EIAV MA has five long helices and one 3 10 helical loop (Fig. 2B and  C and 3) , each of which has an equivalent in SIV and HIV-1. In particular helices 1, 2, and 4 and their flanking residues superimpose well ( Fig. 2A) .
The C-terminal region following helix 5 is invisible in the EIAV MA structure, while it is observed, albeit with different secondary structures, in the HIV-1 and SIV crystal structures ( Fig. 2A) . We do not think that this represents a significant difference since the structure of HIV MA determined by nuclear magnetic resonance (NMR) (28, 30, 31) demonstrated that this region is disordered; rather we argue that the EIAV MA structure supports the suggestion that the well-ordered structures seen in the crystals are artifacts of crystallization (29) . Like HIV-1 and SIV MAs, EIAV MA resembles broadly the structures of nonlentivirus retroviral MAs (data not shown) in terms of the relative orientations of the corresponding helices and the lengths of the intervening loops (although MAs from nonlentiviruses do not have the fifth helix [7, 8] ).
Despite the overall similarity there are shifts in the relative positions of the helices compared to the MAs of other lentiviruses. This results in a compacting of the structure in the direction tangential to the membrane surface (orienting the molecule as in the SIV and HIV-1 trimers). Most noticeably comparison with the other structures reveals that the N-and C-terminal helices bend in toward the body of the molecule such that the termini are relatively closer. The N terminus of helix 1 bends down compared to the same helix in HIV-1 and SIV such that the corresponding residues, HIV-1 Gly10 and EIAV Ser8, are 7 Å apart ( Fig. 2A) . In all structures the N terminus of this helix approaches the C-terminal end of the 3 10 helical loop, residues 42 to 52 (Fig. 2B) . In SIV and HIV-1 the residues prior to residue 6 or 7 are disordered but at this point protrude from the membrane-binding surface, while in EIAV the preceding residues point in the opposite direction such that the first methionine is located on the molecular surface opposite to the loop joining the first and second helices (Fig. 2A) .
The extrinsic sequence preceding the natural N terminus runs in different directions in the two NCS-related molecules, but essentially the same conformation is adopted after residue Gly2 (Fig. 1B) . There are stabilizing hydrogen bonds between N-terminal residues 3, 5, and 7 and residues 53, 52, and 50 at the junction between the 3 10 helical loop and the third helix.
In the C-terminal or fifth helix in EIAV MA a bending of the chain at Gly97 allows this helix to pack against the body of MA ( Fig. 2A and B) such that the C terminus, residue 109, approaches Pro58 of helix 3. The fifth helix also mediates contacts between molecules in the crystal together with helix 2 and the loop between helices 3 and 4 of the adjacent molecule.
The segment including the 3 10 helical loop and the third helix is restructured in EIAV compared to the SIV and HIV-1 crystal structures (Fig. 2A) . This region is adjacent to the two termini. The third helix appears to have similar lengths in EIAV and other lentivirus MAs but is actually shifted by three residues (this is clearly seen in Fig. 3) . In EIAV MA the loop between the 3 10 helical loop and the third helix is longer and the loop between the third and fourth helices is shorter, although there is a single-residue insertion compared to HIV-1 MA (Fig. 2A) . In addition, the third helix bends at residue Pro58 in EIAV MA. The corresponding residues in HIV-1 and SIV MA are Gly62 (Fig. 3) and Ser62, respectively, which could facilitate a similar bending of the helix by virtue of their flexibility and hydrogen-bonding potential, respectively.
Modeling a trimer of EIAV MA based on the SIV and HIV-1 structures leads to a mismatch at the intertrimer interface (Fig. 2C) . In SIV and HIV-1 MA there is an intermolecular antiparallel ␤-sheet-like structure with two backbone hydrogen bonds between segments Ala45-Val46-Asn47 and Thr70-Gly71-Ser72 (in HIV-1), corresponding to residues His41-Asp42-Thr43 and Thr66-Leu67-Ser68 in EIAV. The refolding of the 3 10 helical loop and the loop connecting the third and fourth helices abolishes the potential for such a structure. Indeed the conformation adopted by key residues of the trimer interface more closely resembles the monomeric HIV-1 model determined by NMR than the HIV-1 and SIV trimeric crystal structures. Thus it is quite possible that the EIAV structure could undergo a conformational change in order to make the trimer.
An electrostatic depiction of an EIAV monomer reveals a basic surface and a slightly acidic surface. However, a trimer generated using the same symmetry as for the SIV trimer is less strikingly bipartite than either of the HIV or SIV trimers, with an acidic patch in the center of the upper membrane-binding surface instead of a basic surface (Fig. 2D) . This negative charge could perhaps be counteracted by the binding of metal ions. A strongly basic patch is observed at the edge of the trimer comprising lysines 9, 12, 13, 16, 24, and 49. In fact the first helix of EIAV (residues 6 to 17) is amphipathic in character.
DISCUSSION
SIV and HIV-1 MAs form trimeric structures in the crystal, believed to correspond to a membrane-bound conformation. EIAV MA has a helical organization with a novel contact mode (Fig. 1C) . Overall the structure is highly similar to those of HIV-1 and SIV MA but is compacted such that the N and C termini are in closer proximity. Both the N-and C-terminal regions are involved in crystal contacts, but these are unlikely to induce large-scale reorientation of the N-and C-terminal helices. Crystal contacts are more likely to trap a structure close to a minimum energy state of a molecule (which may or may not be biologically relevant). The packing down of the N-terminal helix leads to a rearrangement in the 3 10 helical loop, which prevents trimerization; therefore, the state we observe is not assembly competent and is unlikely to interact with a membrane. We suggest that the state we observe may be closer to the post-membrane-bound conformation of the molecule.
In the HIV-1 and SIV crystal structures the residues for the fifth helix are detached from the body of MA. We propose that in the Gag precursor this detachment is facilitated by the tension between the MA and CA domains. Fuller et al. (15, 49) hypothesized that the C-terminal one-third of MA is included in the low-density layer of cryoelectron microscope images of the virus-like particle, suggesting that in the Gag precursor the sequence C-terminal to the fourth helix is unfolded. This is in line with the experiments of Zhou and Resh (52), who gradually truncated HIV-1 MA from its C terminus and found that the removal of helix residues 97 to 109 dramatically enhanced binding to membranes.
The proximity of the termini in the EIAV structure suggests a direct mechanism for communication between the two termini via a refolding of the 3 10 helical loop-third helix region with which both interact. Thus, the fifth helix attaches to the body of MA, as would be predicted to occur following cleavage, and the ensuing repacking of the 3 10 loop redirects the N terminus. The affinity of Phe101 (Ile104 of HIV-1) to the most hydrophobic region of the third helix, namely, 56-VIPLL-60 (60-ILGQL-64 in HIV-1) may cause the helix to slide along. Then one turn of this helix unwinds into an extended loop at the N-terminal end, allowing the 3 10 helical loop to be translated upwards toward the membrane, where Val46 (Leu51 in HIV-1) blocks the N terminus and orientates it away from the membrane. Thus, by comparing HIV and EIAV matrix proteins, we find differences in the oligomeric state correlated with conformation. Cooperativity between the changes in the oligomeric state and the conformational changes modifying the association with membranes would be in line with the severalminute time lag for MA release from the membrane after proteolytic cleavage (20) . Mutation R55W in Mason-Pfizer monkey virus converts this type D retrovirus phenotype to type C (the same as that for HIV-1), i.e., redirecting Gag assembly from a cytoplasmic site to the plasma membrane (42) . A structural comparison shows that this mutation occurs at a site corresponding to Gly56 in HIV-1 (Gln52 in EIAV) located in the first pitch of the third helix, where we would expect structural rearrangements to affect the assembly competence and capacity for membrane binding. As far as we are aware differential membrane binding of MA and Gag has been examined only in HIV-1. We therefore cannot be certain that it occurs in EIAV and other retroviruses.
Since it is common for the N termini of MA molecules to have a hydrophobic modification, it is expected that the N terminus might be sequestered in the post-membrane-bound state (52) . However in the crystal structure, the N terminus of EIAV MA is not correctly modified and is involved in bridging interactions. Two totally hydrophobic cavities are found by the program GRASP (36) in both of the two NCS-related MA molecules (Fig. 2B) ; in contrast no cavities are found in either of the trimeric MA structures. While these cavities are too small to accommodate a large hydrophobic group (e.g., myristoyl or acetylmethionyl) without further conformational change, they do suggest a loose packing of the hydrophobic core, which might allow the cavities to inflate or conflate into a single cavity. The EIAV structure determined contains additional, extrinsic residues prior to the natural N terminus, which are observed in two different conformations in the crystal. Thus the extrinsic residues cannot mimic the conformation of a natural N-terminal modification; however, conversely, they do not by virtue of a single erroneous conformation distort the structure at the natural N terminus. It is possible that by providing some bulk adjacent to the natural N terminus they might, in some generic way, emulate the effect of an N-terminal modification. Membrane-binding assays with His-tagged and untagged EIAV show that unnatural modification of the N terminus is possible without significantly affecting the biological properties (39) . The EIAV MA structure, however, suggests that it may use a different mechanism for membrane targeting. The amphipathic character of the first helix (Fig. 2C) is ideally suited for wedging between the phospholipid head groups in a membrane. Further, examination of the B factors ( Fig. 2B and  C) for the EIAV structure reveals a highly mobile hinge (residues 20 to 23), which adopts a conformation more similar to that observed in the HIV-1 MA solution structure (determined by NMR) (28, 30, 31) than that observed in the HIV-1 and SIV crystal structures. It is thus possible that the N-terminal portion can swivel round, possibly permitting anchorage in the membrane. This may represent a purer form of the myristoyl switch, achieved through the protein rather than myristate. Provitera et al. (39) determined that the binding of EIAV to negatively charged (POPS) bilayers protected amino-terminally located Arg and Lys residues, which would be in line with this suggestion and with their report that there is no significant penetration of the membrane surface on binding. The same on the SIV and HIV crystal structures. Molecules are viewed from the side with the putative membrane-binding surface uppermost. Five helices (H1 to H5) and a helical loop (L) are depicted as rods and colored semitransparently from blue to red with increasing B factor. Side chains of some residues are also shown (yellow and green). Intramolecular cavities found in both NCS-related molecules are shown in mesh for one monomer. Cavities found in molecule A are drawn in green, cyan, and blue, and those found in molecule B are drawn in magenta and red. (C) Same representation as for panel B except that it is shown opaque and is viewed looking down onto the putative membrane-binding surface. Cyan spheres, residues that make the intertrimer contacts in the other lentiviruses; the steric clash between the molecules in these regions can be seen. The basic residues on the amphipathic helix 1 and adjacent 3 10 helical loop are blue. (D) GRASP representation of the electrostatic properties of the upper putative membrane-binding surface of the EIAV (left) and HIV trimers. The electrostatic potential is shown on the accessible surface and colored on a similar scale for each trimer, with positive charge in blue and negative charge in red. Images were generated using BOBSCRIPT (11, 12) and Raster3D (33 (4) suggested that serine phosphorylation of MA disrupts membrane binding in the early stages of the virus cycle, facilitating translocation to the nucleus. Structurebased sequence alignment (Fig. 3) confirms that the nuclear localization signal found at residues 25 to 33 of HIV-1 MA (5) is not conserved in EIAV MA, and it remains to be determined whether EIAV MA is actively imported into the nucleus, although an EIAV-derived vector system can transform nondividing cells (34) . Moreover, the location of the nuclear export signal (NES) in HIV-1 MA (10) is occupied by a leucine-rich type NES consensus sequence (LX 2-3 LX 2-3 LXL) in EIAV MA . One of the phosphorylated serines in HIV-1, Ser111, lies on the C-terminal helix. This corresponds to residue Tyr108 in EIAV, which interacts with Arg54 (Arg58 in HIV-1), the only basic amino acid in the third helix (Fig.  2B ). Ser111 phosphorylation would therefore favor the state observed in EIAV. It would be interesting to know if Tyr108 of EIAV is ever phosphorylated.
In summary, combining our observations on MA with those on CA (48), we suggest that the following sequence of events occurs on retrovirus maturation. In immature virions, the Gag precursor binds tightly to the virus envelope using MA and makes a hexagonal network by lateral oligomerization at the MA and CA regions, which are spaced by an unfolded region. On maturation, proteolytic cleavage by retrovirus protease releases the C terminus of MA and the N terminus of CA. The positive charge of the latter induces the refolding of CA Nterminal residues, and a new CA-CA interface converts the CA network into the condensed capsid. In contrast, the C-terminal residues of MA refold into the fifth helix, attach to the MA body, and, by refolding the 3 10 helical loop-third helix, reorient the N terminus away from the virus membrane. MA remains attached to the envelope of the mature virion simply due to its high concentration; it is released into the cytoplasm once the virus fuses with a new cell. Its switching and dissociation are enhanced by a cooperative mechanism and phosphorylation. Finally, some MA molecules are transported into the nucleus, where they fulfil a further function at an early stage of the retrovirus life cycle.
